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It has been proposed that food animals represent the source of glycopeptide resistance genes present in
enterococci from humans. We demonstrated the transfer of van4 and of other resistance genes from porcine
to human Enterococcus faecium at high frequency in the digestive tract of gnotobiotic mice. Tylosin in the

drinking water favored colonization by transconjugants.

The acquisition and spread of glycopeptide-resistant entero-
cocci (GRE) is a global problem, although the selective pres-
sure that has led to dissemination differs between geographical
areas (19). In the United States, where antibiotics which rep-
resent high-level risk factors for colonization or infection by
GRE are extensively prescribed, such strains are isolated from
hospitalized patients but not from community-based volun-
teers without hospital exposure or from the environment or
animals (4, 10). By contrast, a low incidence of clinical GRE
infection (2.2%) is observed in most European countries (8)
but the strains are found in the healthy human population and
in animals (1). As opposed to practices in the United States,
the glycopeptide avoparcin was used as a growth promoter in
animal husbandry in Europe until 1997 and is associated with
the dissemination (in poultry and pigs in particular) of entero-
cocci that are cross-resistant to avoparcin and vancomycin (9).
The finding of GRE in nonhospitalized humans and in meat
eaters but not in vegetarians further suggests a food-associated
spread of vancomycin-resistant enterococci from animals to
humans (17). A study after ingestion of GRE of animal origin
by healthy volunteers revealed the presence of such strains in
human stools for prolonged periods of time (18). The entry of
GRE of animal origin into the human food chain not only
allows these strains to become established in the human gut
but can also favor transfer of their resistance genes to human
commensals (21). It has been shown that in 20 GRE isolates
taken in Germany from infections in patients, from nonhospi-
talized humans, from sewage and animal feces, and from meat
products, the vanA operon was structurally conserved, which
suggests gene spread among these various ecosystems (22).
Transfer of genes encoding glycopeptide resistance between
animal and human strains in nature is still controversial (15),
even though transfer of the sat4 gene (encoding resistance to
streptogramin A) has been demonstrated for Enterococcus fae-
cium in the gastrointestinal tract of gnotobiotic rats (11). The
purpose of this study was to examine the possibility of the
transfer of antibiotic resistance genes between E. faecium
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strains of animal and human origins in vitro and in vivo in the
digestive tract of gnotobiotic mice.

Human fecal isolate E. faecium 64/3 (resistant to rifampin
and fusidic acid) was used as a recipient. Four E. faecium
isolates of porcine origin (UW4, UW7, UW261, and UW262),
harboring the vanA and ermB genes (conferring resistance to
vancomycin and erythromycin, respectively), the fef(L) and
ant(6) genes (mediating resistance to tetracycline and strepto-
mycin, respectively, in UW262), and the tet(M) tetracycline
determinant (in UW?7), were used as donors. Transposon
Tnl546, which carries the vanA gene cluster in all animal
strains, was characterized by PCR as previously described (12).

In vitro transfer. Conjugal transfer of resistance was tested
by filter mating on agar (5). Selective medium, containing
vancomycin (50 wg/ml) for isolation of the donor, rifampin (30
pg/ml) and fusidic acid (20 pg/ml) for enumeration of the
recipient, and rifampin, fusidic acid, and vancomycin, erythro-
mycin (10 pg/ml), tetracycline (50 pg/ml), or streptomycin (1
mg/ml) for detection of the transconjugants, was used. What-
ever the donor strain, transfer of the vanA4 and ermB genes was
obtained (Table 1). Average transfer frequencies in three in-
dependent experiments for each donor ranged from 9 X 1073
to 19 X 1072 Transconjugants were assigned to one of three
groups on the basis of their phenotypes and genotypes. The
presence of the resistance genes was studied in a multiplex
assay using primers that allow amplification of vanA (6), ermB
(2), ant(6) (20), tet(L) (1), and tet(M) (16). Amplification con-
sisted of 30 cycles of denaturation at 94°C for 45 s, annealing
at 47°C for 45 s, and elongation at 72°C for 1 min. Transcon-
jugants of type I were resistant to vancomycin and erythromy-
cin following acquisition of the vanA and ermB genes. The type
II strains were resistant to vancomycin (vanA) and susceptible
to erythromycin, whereas type III transconjugants were resis-
tant to erythromycin (ermB) and susceptible to vancomycin.
The transconjugants obtained in vitro were all of type I irre-
spective of the selective medium. Transconjugants from
UW?262 obtained in vitro were analyzed for resistance to tet-
racycline [fet(L)] and streptomycin [ant(6)]. All transconju-
gants tested were resistant to streptomycin (transfer frequency,
5 X 107°), and some of them also acquired resistance to
tetracycline (transfer frequency, 7 X 10~%). The in vitro
transconjugants from UW?7 were analyzed for resistance to
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TABLE 1. In vitro transfer of the vanA gene cluster to
E. faecium 64/3

Mean (*+ SD) transfer frequency” with selection on:

E. faecium

donor Vancomycin (50 pg/ml) Erythromycin (10 pg/ml)
UW261 9(+0.8) x107° 1(x01)x107*
UW262 8§(x3.5) % 1074 4(x£28)x 1073
Uw4 8(+5.9) x 1072 2(+6.8)x 107!
Uw7 3(x24) X 1074 8(x6.1) X 1074

“ Number of transconjugants relative to the number of donors after the mating
period; results represent averages of a minimum of three experiments.

tetracycline [fez(M)]. Tetracycline resistance was transferred at
a frequency of 107°.

Gene transfer was confirmed by pulsed-field gel electro-
phoresis (PFGE) (13). The vanA (7) and ermB (3) probes were
labeled with [a->?P]dCTP by random priming using a commer-
cially available kit (Amersham Biosciences, Orsay, France).
The Smal- and Apal-generated patterns of the strain UW262
donor and of the strain 64/3 recipient were markedly different
(Fig. 1). The Smal pattern of a randomly selected transconju-
gant differed from that of the 64/3 recipient by two additional
bands of ca. 140 kb and of less than 48 kb that were present in
the donor. The 140-kb band hybridized with the vanA probe,
and both bands hybridized with ermB. The Apal patterns of the
recipient and of the transconjugant were indistinguishable, and
hybridization of the probes was performed with the DNA re-
maining in the well. Taken together, these results indicate that
a conjugative plasmid of ca. 180 kb with two Smal but not Apal
cutting sites carries both the van4 and ermB genes.

We observed a three- to fivefold increase in transfer fre-
quency when selection of the transconjugants was on erythro-
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mycin instead of on vancomycin (Table 1). This difference may
be due to the fact that macrolide resistance is readily expressed
phenotypically in the transconjugants, since it is constitutive
and due to methylation of a single adenine residue in 23S
rRNA. By contrast, VanA-type glycopeptide resistance is
slowly inducible and requires remodeling of the entire bacte-
rial cell wall (3). Selection of erythromycin-resistant entero-
cocci may therefore lead to that of GRE, the ermB and vanA
genes often being carried by the same transferable genetic
element (14). Thus, in addition to cross-resistance, coresis-
tance should be taken into account in determining antibiotic
usage policy.

In vivo conjugation. Germfree consanguineous C3H mice
supplied by INRA (Jouy-en-Josas, France) and maintained in
separate isolators (J.C.E. Biotechnology, Vichy, France) were
fed ad libitum with a commercial diet sterilized by gamma
irradiation (4 Mrad). Every mouse received 10° CFU of recip-
ient strain 64/3 intragastrically in a volume of 600 wl and, 4
days later (after verification of the implantation of the recipi-
ent strain), 10* CFU of the donor in a volume of 600 wl. The
strain UW7 donor, which had a frequency of mutation to
rifampin and fusidic acid resistance lower than 1 X 10~'? and
a high vancomycin resistance transfer frequency of 3.3 X 104,
was selected for the in vivo experiments. The first experiment
studied the evolution of bacterial populations within mouse
feces, lasted 24 days, and included five mice in each of two
groups: a control group that received drinking water without
antibiotic and a treated group that received drinking water
supplemented with 0.1 pg of tylosin/ml. Geometric averages of
bacterial counts in the two groups are shown in Fig. 2. In the
first sample (collected 3 days after donor inoculation),
transconjugants were detected at concentrations ranging from

FIG. 1. PFGE analysis of Smal (left panel)- or Apal (right panel)-digested genomic DNA of E. faecium. (A) Lanes: MW, molecular weight
markers; 1, strain UW262; 2, strain 64/3; 3, strain 2T2301VA. The results of Southern hybridization of the gels shown in panels A with 32p_labeled
vanA (B) and ermB (C) probes are presented. The sizes of the markers (in kilobase pairs) are indicated on the left.
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FIG. 2. Bacterial counts in homogenized feces of gnotobiotic mice
supplied with pure water (top panel) or with water supplemented with
0.1 pg of tylosin/ml (bottom panel). Germfree mice were inoculated on
day 0 with 10% E. faecium 64/3 recipients and on day 4 with 10° E.
faecium UW7::Tnl546 donors. Symbols: &, E. faecium 64/3; m, E.
faecium UWT::Tnl546; A, E. faecium 64/3::Tnl546.

9 to 10 log,, CFU per gram of feces and established at popu-
lation levels equal to those of the recipient and of the donor
throughout the experiment. Thus, there was no apparent eco-
logical disadvantage for the transconjugant population relative
to the other populations following the acquisition of exogenous
genetic information. This may be explained, at least in part, by
the fact that the transconjugants corresponded to already es-
tablished recipients that had acquired the vanA operon and not
to a new colonizing strain. The in vivo transconjugants were of
the three types previously presented in vitro, with a majority
(86%) belonging to type I and 8% and 6% to types II and III,
respectively. Tetracycline resistance [fet(M)] was detected in
transconjugants starting at day 8. These data, along with those
from PFGE analysis, revealed that the van4 and ermB genes
were located on the same large self-transferable plasmid. The
tetracycline resistance gene fetf(M) may be located in the host
chromosome as part of a conjugative transposon.

To study the bacterial populations in situ in the digestive
tract, all mice were sacrificed at day 24, the intestinal tracts
(from pylori to rectum) were removed, weighted, diluted 10-
fold, and homogenized with an Ultraturax mixer (Bioblock,
Illkirch Cedex, France), and dilutions were plated on brain
heart infusion agar supplemented with antibiotics. Enumera-
tion averages of bacterial populations within the digestive
tracts after the sacrifice of both groups of mice at day 24 were
close to those obtained from fecal samples (Table 2).

The second experiment studied the kinetics of gene transfer
5, 10, and 24 h following donor inoculation. In vivo gene
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TABLE 2. Bacterial counts in homogenized intestines of
gnotobiotic mice

E. faecium strain or Bacterial count in drinking water with:

transconjugant No antibiotic Tylosin (0.1 pg/ml)
Uw7 1% 10° 3 x 108
64/3 4 x 108 1x 108
VanR transconjugant 4 x 107 9 X 10%

“a = 5% in the Mann-Whitney U test in comparison to transconjugants in
mice untreated with tylosin.

transfer occurred at an unexpectedly high rate, since at 5 h
after donor inoculation, transconjugants could already be iso-
lated from all mice with counts of 10° CFU per gram of feces.
This differs from the results of transfer of the satA gene within
the digestive tract of gnotobiotic rats, during which transcon-
jugants were observed only 3 days after donor inoculation (11).
Early transfer of the vanA operon suggests that even a brief
transit of enterococci of animal origin would allow resident
human bacteria to acquire glycopeptide (as well as other) re-
sistance genes.

We investigated the impact of subinhibitory concentrations
of tylosin on the transfer of the vanA operon. Tylosin was not
associated with a significant increase of in vitro transfer of
vancomycin resistance (data not shown). However, tylosin sig-
nificantly raised levels of colonization by transconjugants in
treated mice (=5% in a Mann-Whitney Utest) (Table 2).
These results are reminiscent of those of an in vivo study in
which the use of tetracycline as a selective agent in gnotobiotic
mice raised the transfer frequency of Tni545 from E. faecalis
to Listeria monocytogenes by 20-fold (5). Thus, the presence of
antibiotic residues in the gastrointestinal tract may favor gene
transfer from animal to human strains.

Enterococci that harbor antibiotic resistance genes are com-
mon in the digestive tract of animals. It has been suggested that
these bacteria might serve as a reservoir of resistance genes for
human digestive microflora. Previous investigations have re-
vealed the occurrence of horizontal gene transfer between
bacteria that colonize livestock and those that colonize hu-
mans. In this study, we have shown that various resistance
genes can be conjugatively transferred from an E. faecium
strain of animal origin to a human strain of the same species in
the gastrointestinal tracts of gnotobiotic mice in the absence of
selective pressure. The ease with which we were able to obtain
gene transfer from animal to human enterococci suggests that
gene exchange under natural conditions might take place more
commonly than previously suspected.
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